Introduction
============

Although substantial efforts have been made by medical scientists over several decades, pancreatic ductal adenocarcinoma (PDAC), which is currently the fourth most life-threatening type of cancer, remains a problem requiring a solution. Without effective early detection and desirable therapies, prognostic improvement for PDAC has not been achieved up until now. The relative 5-year survival rate remains \<8%, even in developed countries ([@b1-ijo-53-06-2445],[@b2-ijo-53-06-2445]). It is critical to further our understanding of the molecular mechanisms underlying pancreatic cancer in order to pinpoint promising targets for successful therapy. Gremlin 1, an antagonist of bone morphogenetic protein (BMP)2/4/7 ([@b3-ijo-53-06-2445]), is expressed at high levels in pancreatic tumor niches and may be a potential therapeutic target.

Gremlin 1, in either its soluble or cell-associated form, is a highly conserved 184-amino acid protein. This protein is also known as cell proliferation-inducing gene 2 protein (PIG-2), cysteine knot superfamily 1 BMP antagonist 1, DAN domain family member (DAN)-2, downregulated in Mos-transformed cells protein, and increased in high glucose protein 2 (IHG-2) ([@b4-ijo-53-06-2445],[@b5-ijo-53-06-2445]). Together with DAN, Cerberus and Mucin 2, Gremlin 1 belongs to the Dan family, whose members share a conserved cysteine structure that includes a cysteine knot motif ([@b6-ijo-53-06-2445],[@b7-ijo-53-06-2445]). Of note, this feature is also present in transforming growth factor (TGF)-β and vascular endothelial growth factor (VEGF), indicating that Gremlin 1 is a member of the TGF-β superfamily. The human Gremlin 1 gene maps to chromosome 15q13-q15 ([@b8-ijo-53-06-2445]). This gene was primarily segregated using a differential screen involving a transformation-resistant revertant of a v-mos-transformed rat fibroblast cell line, and its expression in adult rats appears to be associated with the final differentiation of cells in several organs ([@b8-ijo-53-06-2445],[@b9-ijo-53-06-2445]). The mRNA expression of human Gremlin 1 is widely observed in normal organs, including the small intestine, brain, colon, pancreas, ovary, prostate and skeletal muscle, and it appears to be expressed at high levels in specific types of cells, including neurons, astrocytes and fibroblasts ([@b8-ijo-53-06-2445],[@b10-ijo-53-06-2445]). Aberrant expression of Gremlin 1 is also found in malignancies. It has been demonstrated that the expression of Gremlin 1 is significantly higher in specimens of various types of cancer, specifically in the stroma in pancreatic, esophageal, colon, pulmonary, breast, and bladder cancer ([@b11-ijo-53-06-2445]). However, the precise mechanism accounting for this widely confirmed character remains to be fully elucidated.

Sonic hedgehog (SHH) was originally identified as a factor that does not contribute to the normal development of the pancreas. The aberrant expression of SHH is associated with malignant diseases of the pancreas ([@b12-ijo-53-06-2445]-[@b15-ijo-53-06-2445]). SHH potently binds Patched (Ptch), a 12-pass transmembrane protein, which overrides the inhibitory effect of Ptch on Smoothened (SMO), another transmembrane protein. In a complex signaling cascade, GLI family zinc finger (Gli)1/2/3, transcription factors of SHH, are activated and induce the activation of SHH target genes. SHH exhibits a multifunctional role in a paracrine manner in the tumor microenvironment ([@b16-ijo-53-06-2445]). Several studies involving limb-bud development have revealed that fibroblast growth factor (FGF)4/8 triggers a reciprocal interaction network, which includes FGF4/8, SHH, BMP4 and Gremlin 1 ([@b17-ijo-53-06-2445]-[@b21-ijo-53-06-2445]). Regarding the correlation between Gremlin 1 and SHH, there is merit in investigating their association in the pancreatic cancer niche.

Based on the findings of our previous studies on the SHH-associated tumor-stroma interaction in the pancreas ([@b14-ijo-53-06-2445],[@b22-ijo-53-06-2445],[@b23-ijo-53-06-2445]), the present study aimed to examine the association between SHH and Gremlin 1, and the contribution of the latter factor in the progression of pancreatic cancer. It was found that the overexpression of Gremlin 1 in malignant tissue was correlated with pT status and tumor-node-metastasis (TNM) stage. The SHH signal from tumor cells elevated the stromal expression of Gremlin 1, which contributed to the proliferation and migration of pancreatic stellate cells (PSCs). In addition, the proliferation, invasion, and epithelial to mesenchymal transition (EMT) of pancreatic cancer cells were promoted by Gremlin 1, which was promoted by SHH signaling in a ligand-independent manner. Taken together, the data suggested that Gremlin 1 was overexpressed in PDAC by SHH signaling to induce tumor progression.

Materials and methods
=====================

Patients and tissue samples and immunohistochemistry (IHC)
----------------------------------------------------------

Pancreatic cancer (n=66) and normal (n=7) tissue samples were obtained from the surgical pathology bank at the Department of Pathology, Shaanxi Provincial People\'s Hospital (Shaanxi, China), which comprised 39 cases (including four normal patients) and from the First Affiliated Hospital of Xi\'an Jiaotong University (Xi\'an, China), which comprised 27 cases (including three normal patients). The study was approved by the ethics committees of both organizations. Based on the 7th edition of the TNM classification of the American Joint Commission on Cancer (2010) ([@b24-ijo-53-06-2445]), the pathologic TNM status of these specimens were evaluated. The tumor tissues were from 66 cases of Whipple resection for PDAC. The seven normal control specimens were derived from patients who had undergone partial pancreatectomy with benign diseases. Each patient signed an informed consent form. The clinico-pathologic data are summarized in [Table I](#tI-ijo-53-06-2445){ref-type="table"}. Follow-up data of all the cases were available, and the deadline was October 31, 2017. IHC analyses were performed with Gremlin 1 antibody (rabbit monoclonal antibody, 1:200 dilution; cat. no. ab22138; Abcam, Cambridge, MA, USA), according to the manufacturer\'s instructions using a SABC kit (Maxim, Fuzhou, China). The samples were incubated with the primary antibody at 4°C overnight and with secondary antibodies (SP-9001; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China). Following immunohistochemical procedures, the slides were stained with the 3,3′-diaminobenzidine (DAB) liquid chromogen substrate kit (ZLI-9017; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.) and counterstained with hematoxylin. Finally, the results of IHC were observed under a microscope (SCN 400; Leica Microsystems GmbH, Mannheim, Germany). The protein expression was evaluated in four grades as follows: 0 (negative), 1 (weak), 2 (medium), and 3 (strong). Based on the percentage of positive staining area relative to the total tumor area, the extent of staining was classified into four grades as follows: 0 (0%), 1 (1-10%), 2 (11-50%), 3 (51-80%) and 4 (\>81%). The overall expression score was equal to the sum of the expression grade and the extent grade.

Cancer cell culture
-------------------

In the present study, the origin of the human pancreatic cancer cell lines (AsPC-1 and BxPC-3) was the American Type Culture Collection (Manassas, VA, USA), as described previously ([@b14-ijo-53-06-2445]), wich were purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The general culture conditions for all tumor cell lines was 37°C with a 5% CO~2~ atmosphere in DMEM containing 10% FBS (both from HyClone; GE Healthcare Life Sciences, Logan, UT, USA) and 1% penicillin and streptomycin. As described by Li *et al*, the cells were exposed to SHH and/or in different conditions ([@b14-ijo-53-06-2445]). The cells (1×10^5^/*μ*l) were cultured under standard conditions in a 5% CO~2~ atmosphere at 37°C for 72 h and exposed to SHH, cyclopamine, Gli-1 small interfering RNA (siRNA) and Gremlin 1 siRNA (to avoid confusion, details of different conditions are shown in the Results section, separately).

Quantification of SHH in conditioned medium (CM)
------------------------------------------------

According to the manufacturer\'s protocol of the enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Inc., Minneapolis, MN, USA), the SHH concentrations in the CM of the pancreatic cancer cells and PSCs were quantified.

Isolation and culture of human PSCs
-----------------------------------

According to the methods described by Vonlaufen *et al* ([@b25-ijo-53-06-2445]) and our previous study ([@b14-ijo-53-06-2445],[@b26-ijo-53-06-2445]), human PSCs were isolated from the normal pancreatic tissue samples that were obtained from patients who underwent partial pancreatectomy with benign disease at Shaanxi Provincial People\'s Hospital and the First Affiliated Hospital of Xi\'an Jiaotong University. The cell culture conditions were 37°C with 5% CO~2~ in DMEM/F12 media supplemented with 10% heat-inactivated FBS (both from HyClone; GE Healthcare Life Sciences), together with 1% penicillin and streptomycin. Several methods, including Oil Red O staining of the fat droplets in the cytoplasm and immunofluorescence of α-smooth muscle actin (α-SMA). Oil Red O staining was applied to visualize intracellular lipid content in PSCs. Briefly, PSCs on the slides were washed with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde for 1 h at room temperature. After washing the PSCs with isopropanol, pre-warmed 0.25% Oil Red O working solution was used to stain intracellular lipid content for 15 min in a 60°C oven. After being washed with PBS twice, the cells were re-stained with hematoxylin for 15 sec and sealed with glycerin on glass slides. Finally, a light microscope (Nikon Eclipse Ti-S; Nikon, Tokyo, Japan) at a magnification of ×200 was used to photograph the cells stained with Oil Red O. After the designated treatment, PSCs were fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized in 0.5% Triton X-100 for 10 min, and blocked in 1% BSA for 1 h. Fixed cells were then incubated with α-SMA antibodies at 1:100 dilution at 4°C overnight. Cells were washed and incubated with Goat anti-rabbit FITC (green) IgG antibody (ZSGB-BIO Inc., Beijing, China) at 1:100 dilution for 60 min. Nuclei were stained with DAPI for 5 min. The cells were visualized by a fluorescent microscope (Nikon) using appropriate excitation and emission spectra at a ×400 magnification) were used to confirm the PSCs.

Cell proliferation assay
------------------------

The cancer cells and PSCs were seeded into 96-well culture plates at a density of 2,000-5,000 cells per well. First, the cells were starved for 24 h, and they were then cultured in specific media \[according to given concentrations of cyclopamine and SHh, the drugs (or solvent only) were administered in medium containing 1% FBS\] separately. At 24, 48, 72, or 96 h following removal of the media, the optical densities at 492 nm were monitored with 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) reagent using a multifunction microplate reader (POLARstar OPTIMA; BMG Labtech, Offenburg, Germany).

Indirect co-culture of pancreatic cancer cells and PSCs
-------------------------------------------------------

Prior to the media being replaced with DMEM supplemented with 2% FBS and 1% penicillin and streptomycin, 10% FBS was added to the cultured pancreatic cancer cells until they reached 50% confluence. After 48 h, the CM were collected and incubated with the PSCs for 72 h. The cells (1×10^6^/ml) were cultured under standard conditions with a 5% CO~2~ atmosphere at 37°C.

Cell migration and invasion assays
----------------------------------

For the assessment of cell migration and invasion, wound-healing and Transwell migration assays were performed based on the protocol described in our previous study ([@b14-ijo-53-06-2445]).

RT-qPCR assay
-------------

According to the methods previously described ([@b14-ijo-53-06-2445]), an RT-qPCR assay was performed. The extraction of the total ribonucleic acid (RNA) was achieved using the Fastgen1000 RNA isolation system (Fastgen, Shanghai, China) according to the manufacturer\'s instructions. A Prime Script RT reagent kit (Takara, Dalian, China) was used to reverse-transcribe the total RNA into cDNA. Quantitative (real-time) PCR was performed as previously described ([@b27-ijo-53-06-2445]). The PCR primer sequences used were as follows: H-β-actin forward, 5′-AGC TACGAGCTGCCTGACG-3′ and reverse, 5′-GCATTTGCG GTGGACGAT-3′; H-Gremlin 1 forward, 5′-AACTACAGCCAC CTACCAAG-3′ and reverse, 5′-CACGAACTACGCACAAG CAG-3′; R-Gremlin 1 forward, 5′-ACTGTGCTTCAGATGGT CGG-3′ and reverse, 5′-AATGCGGCCCTCAGAGTTAC-3′; H-SHH forward, 5′-GCGACTTCCTCACTTTCCTG-3′ and reverse, 5′-CCGGTTGATGAGAATGGTG-3′; R-SHH forward, 5′-TATGAGGGTCGAGCAGTGGA-3′ and reverse, 5′-CGGGACGTAAGTCCTTCACC-3′. The expression level of each target gene was determined using β-actin as the normalization control. The relative gene expression was calculated using the 2^−ΔΔCq^ method ([@b28-ijo-53-06-2445]).

Western blot analysis
---------------------

As previously described ([@b29-ijo-53-06-2445]), primary antibodies were obtained from different sources as follows: α-SMA (1:1,000 dilution; goat polyclonal antibody; cat. no. ab21027) antibody was provided by Abcam, and N-cadherin, E-cadherin, Snail and Vimentin antibodies were provided by Cell Signaling Technology, Inc., Danvers, MA, USA (1:1,000 dilution; cat. no. 9782). The secondary antibodies (1:10,000 dilution; goat anti-rabbit IgG; cat. no. ab6721) and anti-mouse IgG (1:10,000 dilution; rabbit anti-mouse HRP; cat. no. ab6728) were provided by Abcam. Whole-cell lysates of the AsPc-1 and BxPC-3 cells were prepared by using the RIPA buffer (Beyotime, Guangzhou, China) according to the manufacturer\'s instructions. Then, the concentration was determined via a BCA protein assay kit (Pierce, Rockford, IL, USA). The protein lysates were subsequently resolved on a 10% polyacrylamide gel with a 5% stacking gel. Next, the proteins were blotted on polyvinylidene difluoride membranes. Before incubating with the primary antibodies overnight at 4°C, the membranes were blocked for 2 h in TBS containing 0.1% (vol/vol) Tween-20 and 10% (wt/vol) non-fat dry milk powder. Following the incubation of the secondary HRP-coupled antibodies for 2 h at room temperature, the membranes were washed via 0.1% TBS/Tween-20, and the signal was detected using the enhanced chemiluminescence kit and a Molecular Imager ChemiDoc XRS System (Bio-Rad Laboratories, Hercules, CA, USA).

RNA interference
----------------

The siRNA for Gremlin 1 (GREM1-Homo-482, forward, 5′-GCAACAGUCGCACCAUCAUTT-3′ and reverse, 5′-AUGAUGGUGCGACUGUUGCTT-3′), siRNA for GLI1 (GLI1-Homo-2758, forward, 5′-GGCUCAGCUUG UGUGUAAUTT-3′ and reverse, 5′-AUUACACACAAGCUG AGCCTT-3′), and negative control siRNA (NC, forward, 5′-GUA UGACAACAGCCUCAAGTT-3′ and reverse, 5′-CUUGAG GCUGUUGUCAUACTT-3′) were provided by GenePharm (Shanghai, China). Using Lipofectamine RNAi MAX reagent (Invitrogen; Thermo Fisher Scientific, Inc.), the PSCs or pancreatic cancer cells (2×10^5^/well in 6-well plates) were transfected with 100 nM siRNA, based on the previously reported protocol ([@b30-ijo-53-06-2445]). After 48 h, the transfected cells were collected for further analysis.

Statistical analysis
--------------------

Data are expressed as the mean ± standard deviation. Statistical analysis of the human tissue data was performed using Pearson\'s χ^2^ test. The *in vitro* and *in vivo* data were assessed using one-way analysis of variance for multiple comparisons between the groups with the S-N-K method as a post hoc test. The SPSS statistical software package (version 19.0; IBM SPSS, Armonk, NY, USA) was used to perform the statistical tests. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Gremlin 1 is overexpressed in pancreatic cancer tissue and correlates with poor clinical prognosis
--------------------------------------------------------------------------------------------------

To elucidate the patterns of Gremlin 1 expression in normal and malignant pancreas tissue, specimens from 73 patients, including seven normal cases and 66 malignant cases, were analyzed. According to the methods described above, the expression of Gremlin 1 was categorized into four staining levels as follows: Negative, weak, moderate and strong. The normal pancreatic tissues were mainly negative for the expression of Gremlin 1. Correspondingly, its expression was positive in 45/66 cancer cases, including weak in 18 cases, moderate in 15 cases and strong in 12 cases.

In 38/45 cases, the IHC staining confirmed extensive staining of Gremlin 1 in the cancer stroma. However, in the remaining seven cases, Gremlin 1 was predominantly expressed in the cancer parenchyma ([Fig. 1A](#f1-ijo-53-06-2445){ref-type="fig"}). These data indicated that Gremlin 1 may be functional in cancer cells and stroma cells. In addition, the associations among the clinicopathological features and expression of Gremlin 1 were analyzed in the PDAC specimens, which are summarized in [Table I](#tI-ijo-53-06-2445){ref-type="table"}. Notably, the correlation analysis showed that the total Gremlin 1 expression was positively associated with the pT status. Specifically, the expression of Gremlin 1 was detected in 2/8 pT1 cases (25%), 11/19 pT2 cases (57.9%), 26/31 pT3 cases (83.9%), and 6/8 pT4 cases (75.0%). The associations between sex, age, and histological grade and the staining level of Gremlin 1 were also analyzed, however, there were no statistically significant associations.

Kaplan-Meier survival analysis was performed, and it was found that the median survival rate of the Gremlin 1-positive and Gremlin 1-negative groups were 9.5 and 21.7 months, respectively ([Fig. 1B](#f1-ijo-53-06-2445){ref-type="fig"}). These findings indicated that Gremlin 1 may be involved and be a valuable biomarker in PDAC.

Paracrine SHH signaling by pancreatic cancer cells regulates the expression of Gremlin 1 in PSCs
------------------------------------------------------------------------------------------------

To detect the role of Gremlin 1 in the pancreatic cancer microenvironment, the expression of Gremlin 1 in PSCs was first investigated. Gremlin 1 was undetected in quiescent PSCs. However, in activated PSCs, the expression of Gremlin 1 increased with culture duration and this was marked. At 1 week following isolation of the PSCs, a high level of Gremlin 1 was observed in the activated PSCs ([Fig. 2A](#f2-ijo-53-06-2445){ref-type="fig"}). It was also found that two pancreatic cancer cell lines (AsPc-1 and BxPc-3) overexpressed Gremlin 1, whereas the other three pancreatic cancer cell lines (CFPAC, Panc-1 and SW1990) exhibited low expression levels of Gremlin 1 ([Fig. 2B](#f2-ijo-53-06-2445){ref-type="fig"}).

As reported in our previous study ([@b14-ijo-53-06-2445]), SHH is important in promoting the activation of PSCs. The present study further examined the variance in the expression of Gremlin 1 in PSCs under the influence of SHH. The effect of recombinant human (rh)SHH on quiescent PSCs was investigated, and it was observed that Gremlin 1 was upregulated following 24 h of treatment ([Fig. 2C](#f2-ijo-53-06-2445){ref-type="fig"}). This elevation was more marked than in the self-activated PSCs ([Fig. 2A](#f2-ijo-53-06-2445){ref-type="fig"}). However, such promotion was shut down by cyclopamine, a special inhibitor of SHH signaling, via the direct inhibition of SMO in a dose-dependent manner ([Fig. 2C](#f2-ijo-53-06-2445){ref-type="fig"}).

According to a previous study ([@b14-ijo-53-06-2445]), high levels of SHH are found in the AsPC-1 culture medium, whereas low levels are found in BxPC-3 culture medium. This finding was confirmed by an ELISA assay in the present study ([Fig. 2D](#f2-ijo-53-06-2445){ref-type="fig"}). Therefore, the culture supernatants of the AsPC-1 cells were collected following 48 h of culture and were used in an indirect co-culture system of PSCs and pancreatic cancer cells. As a result, the supernatants of the AsPC-1 cells promoted the expression of Gremlin 1 in the PSCs, and cyclopamine exerted a negative effect in a dose-dependent manner ([Fig. 2E](#f2-ijo-53-06-2445){ref-type="fig"}). However, such marked variances were not observed in the BxPC-3 groups ([Fig. 2F](#f2-ijo-53-06-2445){ref-type="fig"}). These results indicated that SHH signaling was crucial for the modulation of Gremlin 1 in PSCs.

Silencing of Gli-1 impedes the expression of Gremlin 1 in pancreatic cancer cells and PSCs
------------------------------------------------------------------------------------------

Based on the above findings, the effects of rh-SHH and cyclopamine were examined in AsPC-1 and BxPC-3 cells ([Fig. 3A and B](#f3-ijo-53-06-2445){ref-type="fig"}). However, no significant change in the expression of Gremlin 1 was observed under the influence of rh-SHH in either of the two tumor cell lines, whereas cyclopamine exerted a negative effect on the expression of Gremlin 1 in these cancer cells ([Fig. 3A and B](#f3-ijo-53-06-2445){ref-type="fig"}). In addition, the expression of Gremlin 1 was suppressed by Gli-1 siRNA ([Fig. 3C--E](#f3-ijo-53-06-2445){ref-type="fig"}). According to a previous study, in certain situations, cyclopamine and Gli-1, the critical downstream factors of SHH, are involved in SHH signaling in pancreatic cancer cells in a ligand-independent manner ([@b29-ijo-53-06-2445]). Therefore, the present study investigated whether Gli-1 siRNA modulated the expression of Gremlin 1 in cancer cells. It was observed that the silencing of Gli-1 restricted the expression of Gremlin 1 in the AsPC-1 and BxPC-3 cells ([Fig. 3C and D](#f3-ijo-53-06-2445){ref-type="fig"}). The above data indicated that the expression of Gremlin 1 in pancreatic tumor cells may be modulated by SHH indirectly, which depends on the activation of Gli-1 rather than the SHH ligand.

Variability in the expression of Gremlin 1 induced by SHH signaling modulates the proliferation of pancreatic cancer cells and PSCs
-----------------------------------------------------------------------------------------------------------------------------------

To further uncover the functional relevance of Gremlin 1 in PSCs, MTT assays were performed, which demonstrated that Gremlin 1 siRNA significantly decreased the proliferation ability of PSCs. Cyclopamine also resulted in a negative effect. Furthermore, although SHH increased the growth of the PSCs, it was found that either Gremlin 1 siRNA or cyclopamine attenuated this positive effect. However, no statistically significant difference was observed among the remaining groups ([Fig. 4A and B](#f4-ijo-53-06-2445){ref-type="fig"}). The cell proliferation assay revealed that the growth of the AsPC-1 and BxPC-3 cells was inhibited by silencing Gremlin 1. However, this inhibition was not significantly different from that of cyclopamine or Gli-1 siRNA ([Fig. 4C and D](#f4-ijo-53-06-2445){ref-type="fig"}).

Overexpression of Gremlin 1 induced by SHH signaling promotes the invasion and migration ability of pancreatic cancer cells in vitro
------------------------------------------------------------------------------------------------------------------------------------

The findings from the above experiments revealed that Gremlin 1 may have an active role in cancer cells. Therefore, wound-healing migration assays and Transwell invasion assays were performed using AsPC-1 and BxPC-3 cells in different conditions.

In the Transwell invasion assays, it was found that Gremlin 1 siRNA and cyclopamine inhibited the aggression of the cancer cells. In accordance with the negative effects on the AsPC-1 cells, no significant difference was observed in the Gremlin 1 siRNA + cyclopamine group, compared with the siRNA group, and cyclopamine group. For the BxPC-3 cells, the downregulation of Gremlin 1 not only significantly decreased the invasion of the siRNA group but also inhibited that of the cyclopamine group ([Fig. 5A and B](#f5-ijo-53-06-2445){ref-type="fig"}). To quantify the migration ability of the PSCs, a wound-induced migration assay was performed. As shown in [Fig. 5C and D](#f5-ijo-53-06-2445){ref-type="fig"}, a positive effect was observed in the SHH group, which was suppressed by cyclopamine, whereas the siRNA groups had a negative effect. However, no statistically significant difference was observed between the Gremlin 1 siRNA and cyclopamine groups ([Fig. 5C and D](#f5-ijo-53-06-2445){ref-type="fig"}). These data indicated that Gremlin 1 siRNA and cyclopamine may share a similar mechanism in their inhibition of PSC proliferation and migration.

Subsequently, markers of EMT, namely, E-cadherin, vimentin, N-cadherin, and Snail, were examined the silencing of Gremlin 1 resulted in suppression of the expression of E-cadherin and elevation in the expression of the other three proteins ([Fig. 5E and F](#f5-ijo-53-06-2445){ref-type="fig"}). The above data suggested that Gremlin 1 is a promoter of pancreatic cancer cell invasion, migration and EMT.

Discussion
==========

Accumulating evidence supports the tumor promoting role of Gremlin 1. The available microarray data in the Oncomine database further confirms that the expression of Gremlin 1 is substantially upregulated in tumor specimens compared with that in normal samples ([@b31-ijo-53-06-2445]-[@b33-ijo-53-06-2445]). According to studies by Sneddon *et al* and Namkoong *et al* ([@b11-ijo-53-06-2445],[@b34-ijo-53-06-2445]), the overexpression of Gremlin 1 is observed in diverse human tumors and typically has an oncogenic role in malignancies of the pancreas, cervix, ovary, kidney, lung, sarcoma, colon and breast. Notably, in a study of 165 pancreas specimens, the RNA levels of Gremlin 1 increased consistently from 5% in normal tissue to \>70% in malignant tissue ([@b11-ijo-53-06-2445]). This finding was further confirmed by experiments in a study by Segara *et al* ([@b31-ijo-53-06-2445]). As its other name, PIG-2, indicates, Gremlin 1 is overexpressed in various malignancies (tumor and stromal cells) and promotes tumor cell proliferation ([@b35-ijo-53-06-2445]). As BMP4 inhibits the growth of tumor cells and BMPs may act as inhibitors of carcinogenesis and recurrence ([@b36-ijo-53-06-2445]), Gremlin 1 may effectively reverse their effects. Another mechanism may involve the downregulation of cell cycle inhibitor p27kip1, the hyperphosphorylation of Retinoblastoma protein and the activation of E2F ([@b37-ijo-53-06-2445]). Gremlin 1 is important in tumor angiogenesis, involving VEGF receptor (VEGFR)2 signaling. Kim *et al* also revealed a possible BMP-independent and VEGFR2-independent mechanism of Gremlin 1 during pathogenesis ([@b38-ijo-53-06-2445]). The present study provided evidence that Gremlin 1, which is induced by SHH signaling, acts as an enhancer for tumor progression in PDAC.

In the present study, weak, but not completely negative, expression of Gremlin 1 was found in the normal pancreas, mainly in islet cells. Gremlin 1 is also known as IHG-2. The name IHG-2 is derived from the finding that the expression of Gremlin 1 in mesangial cells, originating from the glomerular mesangium of the kidney, is promoted by high ambient glucose ([@b5-ijo-53-06-2445]). The positive contribution of BMP signaling to the modulation of insulin secretion indicates that the expression of Gremlin 1 may be a subtle response to the impairment of pancreas islet cells by high glucose during the pathogenesis of diabetes mellitus ([@b39-ijo-53-06-2445],[@b40-ijo-53-06-2445]). In normal C57 mice, following 8 or 12 weeks of a high-fat diet, which is necessary to impair glucose homeostasis and induce diabetes mellitus, the expression of Gremlin 1 exhibited an increasing trend ([@b41-ijo-53-06-2445]). These findings further support a close association between IHG-2 (Gremlin 1), and high glucose, revealing a novel understanding of the inner mechanism of pancreas islet cells in diabetes mellitus. In previous years, studies have provided support for the connection between diabetes mellitus and pancreatic cancer ([@b42-ijo-53-06-2445]-[@b44-ijo-53-06-2445]). The hypothesis that aberrant insulin regulation is a growth promoter for pancreatic cancer has been substantiated by *in vivo* and *in vitro* experiments ([@b45-ijo-53-06-2445],[@b46-ijo-53-06-2445]). The implication that Gremlin 1 is positively expressed in the islet cells of the normal pancreas, and the role of Gremlin 1 during carcinogenesis from acinar-to-ductal metaplasia to cancer require further investigation.

The histopathological analysis performed in the present study on clinical specimens and orthotopic transplant model tissues revealed that Gremlin 1 was predominantly expressed in the stroma, although weak staining in certain cases was found in the parenchyma; and patients with negative Gremlin 1 staining tended to have a higher survival rate. In the pancreatic cancer stroma, desmoplasia is a common pathological feature and is regarded as a promoter of malignant progression ([@b47-ijo-53-06-2445]). This fibrotic response in the tumor stroma regularly involves the activation of PSCs. *In vitro*, a high expression level of Gremlin 1 was found in activated PSCs. According to previous articles, such a finding is not rare. In the liver, Gremlin 1 is recognized as a marker of hepatic fibrosis as this secretory protein is expressed at a high level in activated hepatic stellate cells and is involved in EMT ([@b49-ijo-53-06-2445]). In the kidney, the expression of Gremlin 1 is considerably higher and is predominantly observed in regions of tubulointerstitial fibrosis and glomeru-losclerosis ([@b48-ijo-53-06-2445]-[@b51-ijo-53-06-2445]). In the intestine, stromal Gremlin 1 is regarded as a potential biomarker and a promising drug target of cancer ([@b52-ijo-53-06-2445],[@b53-ijo-53-06-2445]). In the brain, the knockdown of Gremlin 1 inhibits glioma carcinogenesis ([@b54-ijo-53-06-2445]). In the skin, Gremlin 1 is considered a marker of activated myofibroblasts and the tumor-stromal interface ([@b55-ijo-53-06-2445]). PSCs are a type of myofibroblast-like cell, which are involved in fibrosis and are the main source of the extracellular matrix, which is essential for excessive fibrous tissue ([@b56-ijo-53-06-2445]). Although the traditional view is that PSCs are likely of local origin, an emerging concept is that the bone marrow (BM) is also a source. BM-derived cancer-associated PSCs, with Gremlin 1 as a novel marker ([@b57-ijo-53-06-2445]), are increased when the pancreas regenerates or undergoes carcinogenesis ([@b58-ijo-53-06-2445]-[@b60-ijo-53-06-2445]). These reports support the clinical findings of the present study.

According to the statistical analysis of the clinicopathological features, the present study found that Gremlin 1 was positively correlated with the pT status but not with the pM status. It was observed that Gremlin 1 promoted the migration of PSCs and the invasion and EMT of cancer cells. This result appears paradoxical. Of note, although invasion, migration, and EMT are crucial steps of metastasis, every phrase of metastasis is subject to a multitude of complicated and subtle controls. Certain subtle mechanisms may modulate Gremlin 1-induced metastasis. Despite the pT status referring to the size and direct extent of the primary tumor, this concept contains several vital components, including the infiltration, invasion and destruction of the surrounding tissue. For example, pT3 (7th edition of the TNM staging system) refers to cases where the tumor extends beyond the pancreas, without involvement of the celiac axis or superior mesenteric artery. Therefore, a positive correlation between Gremlin 1 staining and pT status is reasonable with the findings from the *in vitro* experiments.

Based on our previous investigations on the SHH pathway, it was hypothesized that there is an association between Gremlin 1 and SHH in the cancer-stroma interaction. In the context of vertebrate limb formation, a network involving SHH and Gremlin 1 has been identified, in which Gremlin 1 is a downstream factor of the cellular reaction to the SHH signal depending on Gli-1 ([@b19-ijo-53-06-2445]). Although the FGF-SHH signal is reduced by BMP4, Gremlin 1 maintains the signal by antagonizing BMP4 ([@b19-ijo-53-06-2445]). Therefore, in this positive feedback loop, SHH maintains the expression of Gremlin 1 to reverse the suppressive effects of BMP4 on the expression of FGF4, and the latter factor increasingly upregulates SHH ([@b21-ijo-53-06-2445]). Accordingly, in SHH^−/−^ mice, Gremlin 1 activation is considerably suppressed *in vivo*, leading to limb deformation. Similarly, limb deformation is rescued by grafting Gremlin-expressing cells, as Gremlin 1 is a potent promoter of the expression of FGF4 and restores the FGF-SHH feedback loop ([@b17-ijo-53-06-2445]). In addition, Gremlin 1 deletion in genetically modified animals induces irregular BMP4 signaling, which actively suppresses FGF-SHH signaling. However, as limb-bud outgrowth is essentially controlled by signals in this FGF-SHH positive feedback loop, high levels of FGF signaling also trigger the FGF-Gremlin 1 negative feedback loop and, subsequently, inhibiting of the expression of Gremlin 1 ([@b6-ijo-53-06-2445],[@b17-ijo-53-06-2445]). Therefore, a subtle balance between the promotion and termination of growth is achieved in organ formation and regeneration, and Gremlin 1 is a critical regulator in this delicate network, although several unidentified molecules may make substantial contributions to this process. In the *in vitro* experiments in the present study, Gremlin 1 acted as a downstream factor of the cellular reaction to the SHH signal, which correlated with Gli-1. It was confirmed that the two pancreatic cancer cells and activated PSCs expressed Gremlin 1. In addition, extrinsic SHH was a potent trigger causing an increase of Gremlin 1 in the PSCs, whereas this effect was negligible in cancer cells. However, in the present study, the level of Gremlin 1 succumbed to RNA interference-mediated Gli-1 interference on both sides. It has been confirmed that tumor cells secrete SHH, which cannot activate SHH pathways in tumor cells but instead trigger signaling in stromal cells, including PSCs ([@b14-ijo-53-06-2445]). Therefore, the present study suggested that SHH signaling was crucial for the expression of Gremlin 1 in pancreatic cancer.

In the present study, it was found that Gremlin 1 was not only a promoter of PSC proliferation and migration, but also an enhancer of the proliferation, invasion and EMT of pancreatic cancer cells. Gremlin 1 is involved in EMT in hepatocellular cancer, and additional clues regarding the function of Gremlin 1 have arisen from studies involving the BMP pathway. Initially, Gremlin 1 was recognized as a gene that produces dorsalizing activity via its antagonism of BMP signaling from a screen of a Xenopus cDNA library ([@b9-ijo-53-06-2445]). As with the majority of members of the BMP antagonist family, Gremlin 1 has eight conserved cysteine residues, also known as the eight-membered ring. This structure enables Gremlin 1 to bind BMP molecules tightly and to obstruct the binding site for BMP receptors ([@b3-ijo-53-06-2445]). Active BMP dimers bind certain BMP receptors on the cell membrane, generating their signal via the phosphorylation of R-Smads and several non-canonical intracellular effectors. The function of BMPs in development and in various diseases is versatile. In the intestine and colon, BMPs inhibit stem cell self-renewal via the inhibition of Wnt signaling ([@b61-ijo-53-06-2445]). A number of these functions are shared among diverse family members, whereas other functions are specific to certain proteins. For example, BMP2/4/7 exert specific effects in a wide variety of manners, including the induction of EMT in several human pancreatic cancer cell lines via the phosphorylation of Smad1 and the upregulation of MMP2 ([@b62-ijo-53-06-2445]). The concentration of active BMPs is critical in controlling their influence ([@b63-ijo-53-06-2445],[@b64-ijo-53-06-2445]). It has been observed that BMP4 potently reduces the growth of and increases the migration and invasion of pancreatic cancer cells, including Panc-1 and MiaPaCa-2 cells, when its concentration is 250 ng/ml ([@b65-ijo-53-06-2445]). Further investigations have shown that the EMT and migration of Panc-1 cells are triggered when the BMP4 concentration is \~50 ng/ml ([@b66-ijo-53-06-2445],[@b67-ijo-53-06-2445]). Such a delicate concentration-dependent mechanism indicates that Gremlin 1, a specific inhibitor that fine-tunes BMP2/4/7 signaling, is effective at exerting a unique effect on the self-renewal, invasion, migration and EMT of pancreatic cancer cells.

Despite the fact that the results of the present study support the hypothesis that Gremlin 1 acts as a downstream factor of SHH signaling and contributes to the progression of pancreatic cancer, details require precise investigation to locate the cellular signaling factors. In addition, the reciprocal interaction network, including FGF4/8, SHH, BMP4 and Gremlin 1, has not been fully examined, and several other factors in the pathogenesis cannot be ruled out. Therefore, SHH-Gremlin 1-associated oncogenesis requires further investigation.

In conclusion, the present study showed that the aberrant expression of Gremlin 1 in the pancreatic cancer microenvironment was induced by SHH signaling. The data from the *in vitro* experiments suggest that Gremlin 1 promoted the proliferation and migration of PSCs, and the proliferation, invasion and EMT of pancreatic cancer cells. Collectively, Gremlin 1 may be a therapeutic target and emerging marker of pancreatic cancer.
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![Gremlin 1 is overexpressed in pancreatic cancer tissue and correlates with poor clinical prognosis. (A) Representative images of the staining of Gremlin 1. (a) In the normal pancreas, Gremlin 1 was mainly negative. Immunohistochemistry staining of Gremlin 1 in the pancreatic cancer stroma was (b) weak, (c) moderate and (d) strong. (e) Aberrant expression of Gremlin 1 was present in the cancer parenchyma. (B) Kaplan-Meier survival curve of the Gremlin 1-positive and Gremlin 1-negative groups (P\<0.05).](IJO-53-06-2445-g00){#f1-ijo-53-06-2445}

![Paracrine SHH signaling by pancreatic cancer cells regulates the expression of Gremlin 1 in PSCs. (A) Variance in expression of Gremlin 1 during PSC self-activation and the upregulation of SHH. ^\*^P\<0.05 compared to the group on day 1. (B) Expression of Gremlin 1 in five pancreatic cancer cell lines. (C) SHH elevated the expression of Gremlin 1, whereas cyclopamine inhibited the expression of Gremlin 1 in a dose-dependent manner in PSCs. (D) Enzyme-linked immunosorbent assay analysis of SHH concentrations in the culture medium of PSCs, AsPC-1 and BxPC-3 cells. Effects of the culture supernatants of (E) AsPC-1 and (F) BxPC-3 cells, in contrast to the regulation of SHH and cyclopamine, on the expression of Gremlin 1 in the PSCs. ^\*^P\<0.05 compared to the untreated group. SHH, sonic hedgehog; PSCs, pancreatic stellate cells; CM, conditioned medium.](IJO-53-06-2445-g01){#f2-ijo-53-06-2445}

![Silencing Gli-1 inhibits the expression of Gremlin 1 in pancreatic cancer cells and PSCs. Cyclopamine, unlike SHH ligand, was a potent inhibitor of Gremlin 1 science in the (A) AsPC-1 and (B) BxPC-3 cells pancreatic cancer cells. ^\*^P\<0.05 compared to the untreated group. Gli-1 siRNA potently downregulated Gremlin 1 in the (C) AsPC-1 and (D) BxPC-3cancer cells and (E) PSCs. ^\*^P\<0.05 compared to the normal control group. SHH, sonic hedgehog; PSCs, pancreatic stellate cells; Gli-1, GLI family zinc finger-1; siRNA, small interfering RNA.](IJO-53-06-2445-g02){#f3-ijo-53-06-2445}

![Variability of the expression of Gremlin 1 induced by SHH signaling modulates the proliferation of pancreatic cancer cells and PSCs. Effects of Gremlin 1 siRNA, SHH, cyclopamine, and Gli-1 siRNA on the proliferation of PSCs (A) over time and (B) compared between and 24 and 96 h. Effects of Gremlin 1 siRNA, cyclopamine, and Gli-1 on the proliferation of (C) AsPC-1 and (D) BxPC-3 cells. ^\*^P\<0.05, compared with control group. SHH, sonic hedgehog; PSCs, pancreatic stellate cells; Gli-1, GLI family zinc finger-1; siRNA, small interfering RNA; OD, optical density.](IJO-53-06-2445-g03){#f4-ijo-53-06-2445}

![Overexpression of Gremlin 1 induced by SHH signaling promotes the invasion and migration ability of pancreatic cancer cells *in vitro*. (A) Images (magnification, ×200) and (B) quantification of the effect of Gremlin 1 on the invasion of AsPC-1 and BxPC-3 cells. (C) Images (magnification, ×200) and (D) quantification of the effect of Gremlin 1 on the migration of PSCs. (E) Blots and (F) quantification showed that Gremlin 1 promoted epithelial to mesenchymal transition in pancreatic cancer cells. SHH, sonic hedgehog; PSCs, pancreatic stellate cells; siRNA, small interfering RNA; Con, control; AS, AsPC-1 cells; Bx, BxPC-3 cells; Cyc, cyclopamine; Grem, Gremlin 1.](IJO-53-06-2445-g04){#f5-ijo-53-06-2445}

###### 

Statistical association between the expression of Gremlin 1 and clinicopathological features in 66 cases of pancreatic ductal adenocarcinoma.

  Feature              Cases, (n)   Gremlin 1   P-value[a](#tfn1-ijo-53-06-2445){ref-type="table-fn"}   
  -------------------- ------------ ----------- ------------------------------------------------------- -----------------------------------------------------
  Sex                                                                                                   0.603
   Male                41           14 (34.1)   27 (65.9)                                               
   Female              25           7 (28.0)    18 (72.0)                                               
  Mean age (years)                                                                                      0.336
   ≤58.88              32           12 (37.5)   20 (62.5)                                               
   \>58.88             34           9 (26.5)    25 (73.5)                                               
  Histological grade                                                                                    0.155
   1                   35           14 (40.0)   21 (60.0)                                               
   2                   20           6 (30.0)    14 (70.0)                                               
   3                   11           1 (9.1)     10 (90.9)                                               
  pT status                                                                                             0.009[b](#tfn2-ijo-53-06-2445){ref-type="table-fn"}
   1                   8            6 (75.0)    2 (25.0)                                                
   2                   19           8 (42.1)    11 (57.9)                                               
   3                   31           5 (16.1)    26 (83.9)                                               
   4                   8            2 (25.0)    6 (75.0)                                                
  pN status                                                                                             0.107
   0                   41           16 (39.0)   25 (61.0)                                               
   1                   25           5 (20.0)    20 (80.0)                                               
  pM status                                                                                             0.151
   0                   57           20 (35.1)   37 (64.9)                                               
   1                   9            1 (11.1)    8 (88.9)                                                
  TNM stage                                                                                             0.029[b](#tfn2-ijo-53-06-2445){ref-type="table-fn"}
   I                   24           13 (54.2)   11 (45.8)                                               
   II                  28           6 (21.4)    22 (78.6)                                               
   III                 5            1 (20.0)    4 (80.0)                                                
   IV                  9            1 (11.1)    8 (88.9)                                                

χ^2^ test;

P\<0.05 was considered to indicate a statistically significant difference. TNM, tumor-node-metastasis (American Joint Commission on Cancer).

[^1]: Contributed equally
